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A B S T R A C T
An unprecedented extreme Saharan dust event was registered in winter time from 20 to 23 February 2017 over
the Iberian Peninsula (IP). We report on aerosol optical properties observed under this extreme dust intrusion
through passive and active remote sensing techniques. For that, AERONET (AErosol RObotic NETwork) and
EARLINET (European Aerosol Research LIdar NETwork) databases are used. The sites considered are: Barcelona
(41.38°N, 2.17°E), Burjassot (39.51°N, 0.42°W), Cabo da Roca (38.78°N, 9.50°W), Évora (38.57°N, 7.91°W),
Granada (37.16°N, 3.61°W) and Madrid (40.45°N, 3.72°W). Large aerosol optical depths (AOD) and low
Ångström exponents (AE) are observed. An AOD of 2.0 at 675 nm is reached in several stations. A maximum peak
of 2.5 is registered in Évora. During and around the peak of AOD, AEs close to 0 and even slightly negative are
measured. With regard to vertically-resolved aerosol optical properties, particle backscatter coeﬃcients as high
as 15Mm−1 sr−1 at 355 nm are recorded at the lidar stations. Layer-mean lidar ratios are found in the range
40–55 sr at 355 nm and 34–61 sr at 532 nm during the event. The particle depolarization ratios are found to be
constant inside the dust layer, and consistent from one site to another. Layer-mean values vary in the range
0.19–0.31. Another remarkable aspect of the event is the limited vertical distribution of the dust plume which
never exceeds 5 km. The extreme aspect of the event also presented a nice case for testing the ability of two dust
forecast models, BSC-DREAM8b and NMMB/BSC-Dust, to reproduce the arrival, the vertical distribution and the
intensity of the dust plume over a long-range transport region. In the particular case of the February 2017 dust
event, we found a large underestimation in the forecast of the extinction coeﬃcient provided by BSC-DREAM8b
at all heights independently of the site. In contrast NMMB/BSC-Dust forecasts presented a better agreement with
the observations, especially in southwestern part of the IP. With regard to the forecast skill as a function of lead
time, no clear degradation of the prognostic is appreciated at 24, 48 and 72 h for Évora and Granada stations
(South). However the prognostic does degrade (bias increases and/or correlation decreases) for Barcelona
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(North), which is attributed to the fact that Barcelona is at a greater distance from the source region and to the
singularity of the event.
1. Introduction
Mineral aerosols are usually originated over arid or semiarid regions
as a consequence of continuous soil erosion produced by wind. The
strong warming of desert areas during daytime produces vertical
thermal turbulences that can reach altitudes of up to 5 km, followed by
periods of nocturnal stability (Santos et al., 2013). Massive resuspen-
sion of huge amounts of mineral aerosols are thus produced and can be
transported long distances by diﬀerent mechanisms. Forty percent of
the aerosol mass emitted into the troposphere is attributed to desert
dust and it is considered as the second largest source of natural aerosols,
after sea salt (Andreae, 1995; IPCC, 2001; Salvador et al., 2014). The
main desert dust sources is the Sahara desert since it is responsible for
more than half of the world atmospheric mineral dust (Prospero et al.,
2002; Mahowald et al., 2005; Wagner et al., 2009; Salvador et al.,
2016). Under speciﬁc synoptic meteorological situations, a large
amount of Saharan dust is transported towards the Mediterranean basin
over which the planetary boundary layer is usually relatively shallow
(Lafontaine et al., 1990; Obregón et al., 2015; Khan et al., 2015; Cuevas
et al., 2017).
In the last two decades the number of surveys addressing the study
of atmospheric mineral aerosols, especially around the Mediterranean
basin, has increased for several reasons. Firstly, from the climate
change standpoint, mineral aerosols play an important role on the at-
mospheric radiative budget through scattering and absorption of the
incoming solar and outgoing infrared radiation, and they act as cloud
condensation nuclei (Klein et al., 2010; IPCC, 2013). Their large tem-
poral and spatial variability is responsible for a high uncertainty degree
in aerosol radiative forcing estimates (Forster et al., 2007; Boucher
et al., 2013). Secondly, from the point of view of air quality, it has been
demonstrated that African dust is the main particle source, contributing
to the regional background levels of PM10 across the Mediterranean
(35–50% of PM10) with maximum contributions up to 80% of the total
PM10 mass (Pey et al., 2013). The sporadic but intense natural con-
tributions of PM have been responsible for a high number of ex-
ceedances of the PM10 daily limit value (50 μg/m3, according to the
2008/50/EC European Directive) as registered in diﬀerent rural and
urban monitoring sites across the Mediterranean Basin (Querol et al.,
2009; Salvador et al., 2013).
The large temporal and spatial variability of mineral dust in the
atmosphere mentioned earlier makes its systematic monitoring a diﬃ-
cult task which, as of today, still represents a problematic issue that the
scientiﬁc community, and especially the observation and modelling
communities, are trying to address. Some works based on long-term
databases have indicated that the Mediterranean basin is aﬀected by
African dust intrusions following a marked seasonal pattern (Mona
et al., 2006; Salvador et al., 2013; Pey et al., 2013; Sicard et al., 2016):
summer prevalence has been detected in the western part; no seasonal
trend has been observed in the central region and higher contributions
of desert dust have been commonly produced in spring-early summer in
the eastern part of the basin. Very recently an increasing number of
works have reported statistics and tendency of intense (i.e. strong and
extreme) Saharan dust events in the Mediterranean Basin. At a given
site and for a given aerosol optical depth (AOD) climatology (from ei-
ther ground- or satellite-based sensors), Gkikas et al. (2013) suggested
to deﬁne strong and extreme events with two threshold levels deﬁned
as a function of the mean (Mean) and standard deviation (Std) of the
AOD: Mean+ 2 x Std and Mean+4 x Std. Strong events fulﬁl
Mean+2 x Std≤AOD < Mean+4 x Std, and extreme events fulﬁl
AOD≥Mean+4 x Std. To get an idea of the low probability of
occurrence of strong and extreme mineral dust events in winter, Gkikas
et al. (2013) calculated the seasonal frequency of occurrence in the
western Mediterranean Basin over land and for the period 2000–2007
of strong and extreme events to be 1 and 1.2%, respectively. In spite of
this small percentage, two relevant strong and extreme mineral dust
events (following the deﬁnition of Gkikas et al. (2013)) have been re-
corded in the last three years in the Iberian Peninsula (IP) during the
winter season. In February 2016 a strong event (AOD ~ 0.4) aﬀecting
the whole IP has been documented with in situ/remote sensing in-
strumentation (Titos et al., 2017), ceilometers (Cazorla et al., 2017) and
in-situ/AERONET/satellite instrumentation (Sorribas et al., 2017). In
February 2017 an exceptionally extreme event (AOD > 2.0) aﬀected
again the whole IP, as examined with AERONET and MPLNET (Micro
Pulse Lidar Network) lidars by Córdoba-Jabonero et al. (2019). The
mineralogy of the event has been reported by Rodríguez-Navarro et al.
(2018). The prediction of extreme dust intrusions by dust forecast
models has only been treated seldomly in the literature (Huneeus et al.,
2016, event with an AOD∼ 1.0; Ansmann et al., 2017, AOD∼ 0.6;
Tsekeri et al., 2017, AOD∼ 0.4) as compared to single moderate events
or long-term database of events independently of their intensity (Gobbi
et al., 2013; Santos et al., 2013; Mona et al., 2014; Binietoglou et al.,
2015; Sicard et al., 2015). However such predictions are essential to
warn populations in advance and set plans to mitigate the severe eﬀects
that high levels of particulate matter may cause to lives and property.
In this article, we report on the extreme dust event that hit the
Iberian Peninsula (IP) on 20–23 February 2017. The aim of the paper is
twofold: 1) to provide an overview of the 4D spatio-temporal evolution
of the dust optical properties observed by remote sensing instruments
throughout the IP, and 2) to evaluate the capabilities of dust transport
models to reproduce such extreme dust events. The paper is organized
as follows: the instruments and methodology are brieﬂy described in
Section 2. Section 3 deals with the description of the synoptic situation
and columnar aerosol optical properties from sun and sky photometers.
In Section 4, vertically-resolved optical properties are discussed.
Section 5 presents the performance of the dust models. Finally, con-
clusions can be found in Section 6.
2. Instruments and methodology
2.1. AERONET sun-photometers in the IP
The AErosol RObotic NETwork (AERONET) is a global ground-based
network of sun/sky multi-wavelength CIMEL CE-318 sun-photometers
that provides long-term records of atmospheric columnar aerosol op-
tical properties (Holben et al., 1998). The CIMEL spectral sun-photo-
meter measures the direct solar irradiances with a ﬁeld of view of ap-
proximately 1.2° and the sky radiances (in the almucantar and principal
plane scenarios), at several spectral channels (see Table 1). The direct-
sun measurements are used to obtain the spectral AOD, Ångström ex-
ponent at several wavelength pairs and precipitable water vapor, ap-
proximately every 15min. The AOD uncertainty, mainly due to the
calibration, is estimated to vary between 0.01 and 0.02 (Holben et al.,
1998).
The sky radiance measurements can be inverted to estimate aerosol
optical properties such as the size distribution, the percentage of
spherical particles in the aerosol mixture, several microphysical para-
meters describing the total, ﬁne and coarse aerosol modes and nu-
merous spectral quantities: complex refractive index, single scattering
albedo, phase function, asymmetry parameter, extinction and absorp-
tion optical depths. The aerosol properties retrieved are also used for
calculating the broad-band ﬂuxes at the bottom and top of the
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atmosphere. An estimation of the aerosol radiative forcing and forcing
eﬃciencies are also provided. A detailed description of the version 2
AERONET inversion products is given by Holben et al. (2001). Table 1
shows the six AERONET stations distributed in the IP that were con-
sidered in this study: Barcelona (BA), Burjassot (BU), Cabo de Roca
(CR), Évora (EV), Granada (GR) and Madrid (MA).
2.2. EARLINET lidars in the IP
The European Aerosol Research Lidar Network, EARLINET, in-
cluded in the European Research Infrastructure for the observation of
Aerosol, Clouds and Trace Gases (ACTRIS), aims at creating a quanti-
tative, comprehensive, and statistically signiﬁcant database for the
horizontal, vertical, and temporal distribution of aerosols on a con-
tinental scale, providing the most extensive collection of ground-based
data for the aerosol vertical distribution over Europe (Pappalardo et al.,
2014). In this work four Iberian EARLINET stations (BA, MA, EV and
GR) provided lidar data, all of them equipped with multi-wavelength
lidars and some of them with depolarization capabilities (see Table 1).
Burjassot lidar station was not available at this moment.
The EARLINET protocol establishes that lidar measurements have to
be carried out on a regular basis: on Monday (at 14 UTC and at sunset)
and on Thursday (sunset). Under exceptional events, as the one de-
scribed in this work, EARLINET stations are encouraged to perform
additional measurements in order to monitor the event over the longest
period of time possible. During the period of 20–23 February 2017,
EARLINET lidar measurements over the IP were performed as reported
in Table 1. A temporal averaging of the proﬁles of 30 to 60min was
performed depending on the measurement duration available in order
to guarantee a proper signal-to-noise ratio throughout the vertical
column. Vertically resolved particle coeﬃcients were derived by means
of the Klett-Fernald algorithm (Klett, 1981; Fernald, 1984). This algo-
rithm requires an assumption of the lidar ratio (LR), deﬁned as the ratio
of the particle extinction (α) to the particle backscatter (β) coeﬃcient.
We have used a generic value of 50 sr which can be considered a typical
value of mineral dust (Guerrero-Rascado et al., 2008, 2009; Müller
et al., 2009, 2010; Preissler et al., 2011). Whenever possible during
nighttime, α and β coeﬃcient proﬁles were retrieved independently
with the Raman algorithm (Ansmann et al., 1992), which in turn allows
computing the vertically-resolved lidar ratios. The beneﬁt of Raman,
multi-wavelength lidar products is that they provide some intensive
parameters, such as the lidar ratio and the Ångström exponent, useful
for the analysis of aerosol optical properties. The Ångström exponent
(Ångström, 1964) is inversely related to the size of the particles: the
greater the exponent, the smaller the particles and vice versa (Amiridis
et al., 2009). The Ångström exponent, AE(λ1, λ2), of a quantity α is
deﬁned for the wavelength pair (λ1, λ2) as:
= −
( )
( )AE λ λ( , )
log
log
α λ
α λ
λ
λ
1 2
( )
( )
1
2
1
2 (1)
The Ångström exponent can be calculated for both the extinction
and the backscatter coeﬃcients. Whenever Raman, multi-wavelength
inversions were available, the extinction Ångström exponent, AE, was
calculated. The backscatter Ångström exponent, β− AE, was calculated
for all inversions. Lidar systems equipped with depolarization channels
(BA, EV and GR) also provided the aerosol volume and particle depo-
larization ratio and thus relevant information about the aerosol shape.
With regard to the errors associated to the measurements, we made
use of the Monte-Carlo technique to estimate the uncertainties of the
vertically-resolved backscatter and extinction coeﬃcients. This tech-
nique is based on the random extraction of new lidar signals, where
each bin is considered a sample element of a given probability dis-
tribution with the experimentally observed mean value and standard
deviation. The extracted lidar signals are then processed with the same
algorithm to obtain a set of solutions from which the standard deviationTa
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is inferred as a function of height (Pappalardo et al., 2004). These
statistical errors appear as error bars in the lidar-derived proﬁles of the
backscatter and extinction coeﬃcients.
2.3. Description of the models evaluated and methodology
The present analysis utilizes the operational 72-h dust forecasts of
the BSC-DREAM8b (Pérez et al., 2006; Basart et al., 2012) and the
NMMB/BSC-Dust (Pérez et al., 2011) models (http://www.bsc.es/ess/
information/bsc-dust-daily-forecast) for the period from 19 to 22 Feb-
ruary 2017. Both models are developed and operated at the Barcelona
Supercomputing Center (BSC) and they are the two models considered
for the development of the near-real time (NRT) evaluation within the
Sand and Dust Storm Warning Advisory and Assessment System (SDS-
WAS) Regional Center (https://sds-was.aemet.es/projects-research/
evaluation-of-model-derived-dust-vertical-proﬁles). The NRT evalua-
tion consists in comparing the modeled dust optical thickness to the
observed total AOD provided by AERONET Version 3 and 2, Level 1.5
data. The Ångström exponent calculated between the wavelength pair
(440, 870 nm) is used to distinguish the situations in which mineral
dust is the dominant aerosol type. Threshold discrimination is made by
discarding observations with an Ångström exponent higher than 0.6.
Table 2 summarizes the main parameters used in the conﬁguration of
the models.
The modeled dust extinction values at 550 nm are directly com-
pared with the observed particle extinction values at 532 nm because of
the wavelength proximity and the low spectral extinction dependence
of mineral dust (see Section 4). In order to have continuous observa-
tions and to maximize their number, day and nighttime inversions of
particle backscatter coeﬃcients are used and converted to extinction
using a constant lidar ratio of 50 sr, a value validated later in Section 4.
The vertical resolution of both dust models is much coarser than the
lidar vertical resolution. In order to evaluate the models' capability to
reproduce the vertical distribution of the dust extinction coeﬃcient, the
original lidar vertical resolution is downgraded to the resolution of the
modeled proﬁles.
Given that the extinction value at a given height, hi, of the models is
the average extinction of the layer comprised between − − −hi h h2
i i 1 and
+
−+hi h h2
i i1 , the extinction value of the lidar proﬁle at height hi is
calculated as the mean value of the original lidar proﬁle (at the lidar
original vertical resolution) calculated in the exact same layer of each
model. For the horizontal resolution, the lidar data can be considered as
point observations, while the models represent uniform pixels of 0.33°
resolution (~33 km). The temporal resolution is also diﬀerent: while
the models provide instantaneous proﬁles with time steps of 3 h, the
lidar proﬁles are averaged over 30 or 60min. Here we have compared
each modeled proﬁle at time t with a 30- (60-) min. Averaged lidar-
derived proﬁle included in the interval [t− 30, t+29 min.] ([t− 60,
t+59 min.]). In case two consecutive measurements fulﬁl this cri-
terion, the measurement which was running at time t is selected. The
forecast skill analysis is performed in terms of two vertically integrated
statistical indicators, namely the fractional bias (FB), and the correla-
tion coeﬃcient (r), as well as in terms of the center of mass (CoM). FB
and r are both calculated for the extinction coeﬃcient. The fractional
bias is a normalized measure of the mean bias and indicates only sys-
tematic errors, which lead to an under/overestimation of the estimated
values. The linear correlation coeﬃcient is a measure of the models'
capability to reproduce the shape of the aerosol proﬁle. The vertical
integration is made from the lowest pair of simultaneously available
model and observed values up to 6 km. No lower limit was ﬁxed be-
cause of the dust plume proximity to the ground surface. The upper
limit was ﬁxed to 6 km because nearly no dust was detected above that
height. The CoM was approximated by the particle backscatter
weighted altitude as deﬁned in Mona et al. (2006) who noted that this
approximation “exactly coincides with the true center of mass if both
composition and size distribution of the particles are constant with the
altitude”.
In Section 5 we evaluate the model performances for forecasts of
24 h (Section 5.1) and then we compare these forecasts to longer ones
of 48 and 72 h (Section 5.2) to see how the forecast skill behaves as the
lead time increases. A forecast (or a lead time) of 24 h represents all
forecasts in the range [0; 23 h] since the model initialization. 48 and
72 h forecasts represent all forecasts in the range [24; 47 h] and [48;
71 h] since the model initialization, respectively.
3. Synoptic situation, columnar properties and singularity of the
event
3.1. Synoptic situation
During the period from 20 to 23 February 2017, the synoptic si-
tuation in the IP was dominated by the inﬂuence of an anticyclone
centered northwest from the Western coast, extending in ridge to South
Central Europe and by the existence of a low pressure system, initially
centered over Morocco, as illustrated in the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis of the
Geopotential height at 850 hPa at several hours (Fig. 1). This low is very
likely to be associated to a Sharav cyclone (Alpert and Ziv, 1989). The
plots presented in Fig. 1 also include the surface wind friction velocity
(u∗), which is a good indicator of possible dust emissions from deserts
(Alfaro and Gomes, 2001; Darmenova et al., 2009 and references
therein). It is generally assumed that the dust ﬂux from the surface
involves a power law of the wind friction velocity, as well as some
parameters that characterize the surface, as the fraction of vegetation,
the surface roughness and the soil texture and water content. Sig-
niﬁcant dust emissions are likely to occur for high friction velocities
(above 0.6m s−1), presenting lower sensitivity to land surface para-
meters (Darmenova et al., 2009).
The Geopotential ﬁeld at 850 hPa (Fig. 1) indicates the persistence
of an atmospheric ﬂow advecting air from the central North Africa
(Algeria) crossing the IP. On 20 February strong friction velocity values
(> 6m s−1) over Algerian Sahara (Fig. 1a), a major dust source region
(Ginoux et al., 2012), are suitable to force dust aerosol emissions
(Darmenova et al., 2009). The well-shaped deep low, centered over
central Morocco transported air from Algeria to southern Spain. Over
the Central and Northern parts of the Peninsula, the dominant wind
brought air from central Europe under the anticyclonic circulation.
Wind vectors at 850 hPa are not represented in Fig. 1 for the sake of
clarity, though at this level it is reasonable to assume geostrophic wind.
The situation maintains very similar in the next day and on the 22
February the low provokes high winds on the western side (central-
northern Algeria), which may be seen by the proximity of the isopleths
and by the strong values of the friction velocity (Fig. 1c), which in-
dicates strong dust emissions. On 23 February the northward shift of the
Moroccan low originated weak precipitation events in several locations
Table 2
Main parameters of the dust models used in this study.
BSC-DREAM8b NMMB/BSC-Dust
Meteorological driver Eta/NCEP NMMB/NCEP
Model domain North Africa-Middle East-Europe (25° W – 60° E and 0° –
65° N)
Initial and boundary
conditions
NCEP/GFS data (at 0.5°× 0.5° horizontal resolution) at 12
UT are used as initial conditions and boundary conditions
at intervals of 6 h
Horizontal resolution 0.33° x 0.33°
Vertical resolution 24 Eta-layers 40 σ-hybrid layers
Time step 3 h
Dust size bins 8 (0.1–10 μm)
Radiation interactions Yes
Dust initial condition 24 h forecast from the previous day's model run
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in the south of Portugal and Spain, but still transporting air from Al-
geria to Northeast Spain (Catalonia). The friction velocity over the
desert regions dropped signiﬁcantly, hinting at the end of the sig-
niﬁcant dust emissions. The synoptic conditions changed radically on
24 February with the passage of a frontal system that aﬀected all the IP
(not shown in Fig. 1).
Fig. 2 presents RGB composites based upon the combination of in-
frared channels (8.7, 10.8 and 12.0 μm) from the Spinning Enhanced
Visible and InfraRed Imager (SEVIRI) on board Meteosat-10, showing
the dust transport evolution (magenta) from 20 to 24 February 2017.
The dust was transported across the Alboran Sea (western Mediterra-
nean Sea) and inﬁltrated in southern Iberian atmosphere on 20 Feb-
ruary (Fig. 2a), gradually transported towards west and north by the
synoptic circulation, aﬀecting the southern and western sites (CR, EV,
GR) as illustrated by Fig. 2b and c. On the 22 February the dust in-
trusion was reinforced by a thick plume that progressively entered the
Fig. 1. ECMWF ERA5 reanalysis of the Geopotential height at 850 hPa (black height contours) and surface wind friction velocity (color bar in ms−1) from 20 to 23
February 2017. Generated using Copernicus Atmosphere Monitoring Service information (CAMS, 2018). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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IP through the southeastern coast (Fig. 2d) extending north and west-
wards and aﬀecting all sites represented in the images (Fig. 2e). This
new intrusion was accompanied by the presence of high clouds that on
the 23 February aﬀected most of the IP, associated with the in-
tensiﬁcation and northward shift of the Moroccan low (Fig. 2f and g).
The arrival of a frontal system from northwest on the 24 February in-
terrupted the North African dust ﬂow, pushing it towards the central
Mediterranean regions (Fig. 2h).
The temporal evolution of the back-trajectories, from 20 to 24
February 2017, arriving over the six sites considered, at three atmo-
spheric levels (2000, 3000 and 4000m agl) is represented in the sup-
plementary material in Fig. S1. The back-trajectories were calculated
using the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Stein et al., 2015; Rolph et al., 2017), available
Fig. 2. Meteosat RGB composites showing the evolution of the dust plume from 20 to 24 February 2017. The Iberian sites considered in the study are also represented
in the images: Barcelona (BA), Burjassot (BU), Cabo da Roca (CR), Évora (EV), Granada (GR) and Madrid (MA).
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online at http://ready.arl.noaa.gov/HYSPLIT.php. The sequence shows
that the ﬁrst sites overpassed by air masses originating in northern
Africa were: Granada (20 February; Fig. S1a), followed by Évora and
Cabo da Roca (21 February; Fig. S1b and S1c). Burjassot and Madrid
sites started to be inﬂuenced by North African air masses between the
21 and 22 February (Fig. S1d and S1e) and ﬁnally also Barcelona re-
mained under the inﬂuence of the same air masses between the 23 and
24 February (Fig. S1f to S1h). Information from Meteosat RGB com-
posites (Fig. 2) displaying the dust distribution over North African re-
gions and back-trajectories (Fig. S1), hint at dust originating from
central Algeria, where also strong values of wind friction velocities
were found (Fig. 1).
3.2. Columnar properties
The desert dust plume entered the IP from the South on the 20
February, and then it gradually reached the northwest and later on the
eastern part of the IP. Fig. 3 shows the time series data of AOD at
675 nm, Ångström exponent (440 and 870 nm) and SSA at 675 nm from
20 to 25 February 2017 in six sites distributed across the IP. An increase
of the AOD was ﬁrst noticed in Granada site on the 20 February, where
the AOD values reach about 1.5, accompanied by very low values of AE,
typical of desert dust intrusions, which is conﬁrmed by the Meteosat
composite in Fig. 2a. The dust plume maintains its inﬂuence over
Granada and extends towards the western part of the IP, aﬀecting in the
next day also Évora and Cabo da Roca sites, with AOD values ranging
between about 0.6 and 1.2, once again with very low AE (< 0.2). The
dust transport continues and on the 22 February, during daytime, desert
dust is detected in all stations except for Barcelona where it is measured
on the next day. Still on the 22 February, extremely high AOD values
are reached in Granada and Burjassot (> 2.0) and moderately high in
Madrid, Évora and Cabo da Roca (0.5 < AOD < 1.0), with AE values
lower than 0.2 for all these stations. The columnar size distribution (not
shown) on 22 February shows a clear 3-mode distribution at Évora,
Granada and Burjassot, with a coarse mode mean radius between 1.7
and 2.3 μm and a peak of the coarse mode volume concentration of
Fig. 3. AERONET AOD at 675 nm, AE (440 and 870 nm) and SSA at 675 nm from 20 to 25 February 2017 in six sites distributed across the IP.
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1 μm 3 μm−2 reached in the afternoon.
On the 23 February there are only a few AERONET measurements
available due to the persistence of clouds over the region; nevertheless
the AOD is still considerably high (> 2.0) at Évora and Barcelona with
corresponding AE values around zero indicating the presence of air
masses from desert dust source regions supported by the back-trajec-
tories presented in the supplementary material (Fig. S1). As mentioned
before, the frontal system on the 24 February interrupted the dust
transport and the AOD values on the 24 and 25 February show a con-
sistent decrease at all sites with a corresponding increase of the AE.
The single scattering albedo is characterized by relatively high va-
lues in all the stations during the dust event, showing the predominant
dispersive nature of these particles. The lower SSA values (greater ab-
sorption) in the ﬁrst two days in some of the sites (BU, CR, EV, MA)
depicted in Fig. 3 are related with polluted air masses coming from
northwestern Europe (not shown here).
3.3. Singularity of the dust event
The dust transport analyzed here regards a record-breaking episode
that hit the Iberian Peninsula (IP) from 20 to 23 February 2017.
According to AERONET (2019), this dust intrusion was the strongest
over the IP since July 2012 and it is the strongest event (in terms of
AOD) ever recorded over the IP during the month of February. It is
noteworthy to mention that the AOD at 675 nm was>2 in several
AERONET stations and, during the most intense periods, some lidar and
sun-photometer retrievals could not be performed due to high aerosol
load, respectively, attenuating the lidar signal and blocking the sun. A
Fig. 4. (top) RCS at 1064 nm on 20–23 February 2017 at Évora (293m asl); (bottom) Backscatter coeﬃcient, extinction coeﬃcient, Lidar ratio, Ångström exponents,
and volume and particle depolarization ratio on 21 February 2017 at 00:00 UTC.
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previous work concerning such events at the IP found AODs at 500 nm
up to 1.5 in the south of Spain (Guerrero-Rascado et al., 2009), with
maximum values of particle backscatter coeﬃcients (15∙Mm−1 sr−1 at
355 nm) similar to those registered during this event, however that
event took place in September. Preissler et al. (2011) reported an
aerosol optical thickness up to 2 in Portugal as a consequence of an-
other extreme dust intrusion episode in April (Preissler et al., 2011).
Winter is the season when these phenomena are less likely to occur
across the whole Mediterranean basin (Querol et al., 2009). However,
extreme dust intrusions, as the one described in this paper or others that
took place quite recently (Cazorla et al., 2017; Sorribas et al., 2017),
occurred during the coldest season.
AERONET data presented in the supplementary material in Figs. S2
to S4 and Table S1 illustrate the exceptionality of this event in the re-
gion. Figs. S2 (and S3) show the density scatter plots of the AE
(440–870) versus the AOT at 675 nm, using all available AERONET
level 1.5 (level 2.0) data for each of the stations considered in the study.
The black dots superimposed in these plots illustrate the values mea-
sured during the February 2017 desert dust intrusion. It can be noted
that the event is positioned in a tail of the data group with very low AE
accompanied by high AOT values. When quality-assured AERONET
data is considered (Fig. S3), the event under study is characterized by
the highest AOT values in almost all stations, except for Cabo da Roca
and Madrid where these values are still very high and near the maxima.
Fig. S4 of the supplementary material shows percentile plots of AOT
at 675 nm and AE (440–870) using all available Level 1.5 AERONET
data, as well as the data corresponding to the event under study (black
dots). Table S1 presents percentiles of AOT at 675 nm and AE
(440–870), as well as a characterization of the desert dust based on the
AOT at 550 nm following Gkikas et al. (2013). According to the ﬁfth
IPCC (2013) report, an extreme weather event can be deﬁned as a rare
phenomenon taking into account its historical statistical distribution for
a particular place and/or time. Then 10th and 90th percentiles are
usually considered as reference to deﬁne “rare”. As shown in Fig. S4, all
AOT values measured during the February 2017 desert dust event are
above the 90th percentile; simultaneously, all AE (440–870) values are
below the 10th percentile, which in conformity with IPCC allows af-
ﬁrming that this was a rare event. Additionally, the methodology pro-
posed by Gkikas et al. (2013) was applied and results are shown in the
third table of Table S1. The mean AOT at 550 nm during the event, at
each of the considered AERONET sites, was always greater than
Mean+4 x Std, which allows to deﬁne the episode as extreme. This is
important to be highlighted as extreme weather events have been dis-
cussed and suggested to be connected to climate change. For instance
some remaining questions concern whether or not such events take
place earlier or later in the season or if their severity has been increased
(WMO, 2011).
4. Vertically-resolved optical properties
4.1. Situation in Évora
Fig. 4 represents the temporal evolution of the Range Corrected
Signal (RCS) during 4 days which provides a very detailed overview of
the phenomenon, as well as a lidar inversion at a selected time. To note
that on 21 February (12:00 UTC) a change of the neutral-density ﬁlters
in front of the detection channel was necessary to be carried out in
order to attenuate the received light. This obviously reduced the RCS at
this point but did not aﬀect the retrieval of aerosol optical properties.
Four diﬀerent periods have been selected so as to analyze aerosol op-
tical properties from the African plume observed in Évora (highlighted
in red in the top plot of Fig. 4). Nighttime measurements have been
chosen for the analysis in order to estimate accurately such properties
given the fact that independent extinction from Raman signals was
available at this lidar station. The ﬁrst period (21st Feb from 0:00–0:30
UTC) presents the highest backscatter coeﬃcient values out of all per-
iods evaluated, so a special attention has been paid to this period
(bottom plot of Fig. 4). Notwithstanding the other 3 periods are also
analyzed and results are shown in the supplementary material Figs. S5,
S6 and S7. Mean aerosol optical properties are reported in Table 3 for
speciﬁc atmospheric layers in which the dust plume is representative.
During the ﬁrst period analyzed (21st Feb from 0:00–0:30 UTC, bottom
plot of Fig. 4) the African dust plume is detected up to 5 km height asl
with a peak of the particle backscatter coeﬃcient at 3.2 km asl. In the
layer between 1.5 and 3.5 km asl, the layer-averaged values of the
backscatter-related Ångström exponent at the wavelength pairs 532/
355, 1064/532 and 1064/355 are 0.08 ± 0.33, 0.62 ± 0.04 and
0.42 ± 0.13, respectively. The extinction-related Ångström exponent
at 532/355 nm is 0.16 ± 0.45. These small values are typical for dust
as previously reported during extreme African dust intrusions
(Guerrero-Rascado et al., 2009; Preissler et al., 2011; Mamouri et al.,
2016). The other periods, except on 23 Feb. at 00:00 UTC, also show
relatively low backscatter- and extinction-related Ångström exponent
values. The relative high value on 23 Feb. at 00:00 UTC (β-AE between
the pairs 1064/532–1.28) is probably due to artefacts from the optical
inversions. On 23 Feb. around noon the highest aerosol load was re-
corded in Évora (AOD ~ 2.5). The signal attenuation on the lidar
measurement was very strong and may have hampered the correct
Table 3
Summary of mean aerosol optical properties retrieved from Raman and elastic lidar measurements in Évora and in Granada for 4 selected periods.
Atmospheric layer LR355
(sr)
LR532
(sr)
β-AE
1064-532
β-AE
532-355
β-AE
1064-355
AE
532-355
δ-vol. δ-part.
ÉVORA
00:00 UTC-21Feb
1.5–3. km asl
40 ± 8 61 ± 18 0.62 ± 0.04 0.08 ± 0.33 0.42 ± 0.13 0.16 ± 0.45 0.16 ± 0.03 0.19 ± 0.02
00:00 UTC-22Feb
1.5–4 km asl
45 ± 4 38 ± 8 0.76 ± 0.12 −0.12 ± 0.23 0.44 ± 0.08 0.16 ± 0.19 0.16 ± 0.01 0.21 ± 0.01
00:00 UTC-23Feb
1.5–5 km asl
52 ± 7 40 ± 9 1.28 ± 0.33 −0.62 ± 0.48 0.58 ± 0.19 0.01 ± 0.27 0.16 ± 0.02 0.19 ± 0.01
23:39 UTC-23Feb
1.5–4. km asl
55 ± 12 34 ± 8 1.00 ± 0.18 −0.96 ± 0.29 0.28 ± 0.17 0.18 ± 0.24 0.12 ± 0.01 0.15 ± 0.01
GRANADA
13:30 UTC-20Feb
2.0–4.0 km asl
0.27 ± 0.12 0.19 ± 0.30 0.24 ± 0.04 0.19 ± 0.03 0.22 ± 0.04
20:00 UTC-20Feb
1.8–4.0 km asl
52 ± 7 53 ± 6 0.19 ± 0.08 0.54 ± 0.21 0.32 ± 0.07 0.51 ± 0.43 0.20 ± 0.02 0.25 ± 0.03
07:31 UTC-21Feb
1.5–3.4 km asl
0.86 ± 0.07 0.64 ± 0.13 0.77 ± 0.08 0.18 ± 0.03 0.28 ± 0.01
12:30 UTC-22Feb
1.5–4.0 km asl
0.39 ± 0.12 0.32 ± 0.17 0.36 ± 0.07 0.26 ± 0.01 0.31 ± 0.02
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retrieval of the Rayleigh signal above the dust layer. The same phe-
nomenon is observed at other stations.
Since Raman signals were available and extinction coeﬃcients were
obtained independently, particle lidar ratios were derived as well. The
dust layer located between 1.5 and 3.5 km asl on 21Feb (00:00 UTC)
presented a lidar ratio of 40 ± 8 sr and 61 ± 18 sr at 355 and 532 nm,
respectively. Our estimates at 355 nm are in agreement with Mona et al.
(2006) who found a mean lidar ratio at 355 nm of 38 ± 15 sr for three
years of Raman lidar measurements of Saharan dust in southern Italy.
Conversely, lidar ratio at 532 nm is found greater than the lidar ratio at
355 nm for the ﬁrst period analyzed (21 Feb, 00:00 UTC), which is not
usual for dust particles as it has been already pointed out by other
authors (Müller et al., 2010). Nevertheless, this trend is only observed
in the ﬁrst period analyzed, the other three analyzed periods show a
lidar ratio at 532 lower than the lidar ratio at 355 nm. The reason be-
hind this observation (high unexpected lidar ratio values at 532 nm)
can be attributed to non-accurate retrievals hampered by the high
aerosol load which produces a great extinction and consequently a
decrease of the signal-to-noise ratio. It is noteworthy to mention that
the standard deviation of the mean lidar ratio at 532 nm on 21Feb
(00:00 UTC) is signiﬁcantly higher compared to the rest of the studied
period. The lidar ratio at 355 nm on 23 Feb (at 00:00 and 23:39 UTC)
seems a bit higher than values reported in the literature (Mona et al.,
2006) and it could be due to a decrease of the African dust intrusion
intensity and therefore a greater proportion of local aerosol might be
present in the atmosphere. The lidar ratio at 532 nm in all cases (apart
from the ﬁrst period) are consistent with literature since typical values
range 35–45 sr for typical desert dust (Mamouri et al., 2013; Nisantzi
et al., 2015; Mamouri et al., 2016). In addition, the volume and particle
depolarization ratio were 0.16 ± 0.03 and 0.19 ± 0.02 for the
aforementioned atmospheric layer on 21Feb 00:00 UTC. These two
latter parameters are constant with altitude, which indicates that no
change in the aerosol type is observed within the atmospheric layer of
interest. They are also very similar for the four periods studied,
Fig. 5. (top) RCS at 1064 nm during four periods in the interval 20–23 February 2017 at Granada (680m asl); (bottom) Backscatter coeﬃcient, extinction coeﬃcient,
Lidar ratio, Ångström exponents, and volume and particle depolarization ratio on 20 February 2017 at 20:00 UTC.
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however the last period indicates lower volume and particle depolar-
ization values that is associated with the decrease of intensity of the
Saharan dust intrusion and a greater contribution of local aerosols.
4.2. Situation in Granada
In Granada, lidar measurements were carried out during four per-
iods of time during the extreme African dust intrusion: 12:00-18:00 and
19:00-21:00 UTC on 20 February, 07:31-14:21 UTC on 21 February,
and 07:31-20:00 UTC on 22 February. Such measurements are re-
presented in Fig. 5, as well as a lidar inversion at a selected night time.
The red areas indicate the selected periods where vertically-resolved
aerosol optical properties have been derived. Such vertical proﬁles can
be seen in the bottom plot of Fig. 5 and in the supplementary material
in Figs. S8, S9 and S10. For a better comprehension of these data, layer-
averaged aerosol optical properties are also presented in Table 3. In
general terms, the maximum altitude of the dust plume was registered
at 4 km asl approximately and it maintained relatively constant
throughout the four lidar measurements. For certain periods
(13:30–14:21 UTC on 21st Feb) intensiﬁcation of the RCS is observed at
the top of the dust plume, which may indicate cloud formation pro-
cesses related to mineral dust.
Concerning intensive aerosol optical properties, backscatter-related
and extinction-related Ångström exponents were low, in accordance
with previous lidar observations, which indicates a large aerosol size.
The Raman retrieval could be performed only for the period 19:00-
21:00 UTC on 20 February. On 22 February, the African dust intrusion
was so intense that it produced large extinction and hampered proper
retrieval. The lidar ratios obtained at Granada were 52 ± 7 and
53 ± 6 at 355 and 532 nm respectively. As far as volume and particle
depolarization ratios are concerned, these parameters show similar and
consistent values to data obtained in the Évora station. Nevertheless, it
is noteworthy to mention that the last analyzed period (12:30 UTC on
22nd Feb) exhibits the greatest volume (0.26 ± 0.01) and particle
Fig. 6. (top) RCS at 1064 nm during three periods in the interval 22–23 February 2017 at Madrid (669m asl); (bottom) Backscatter coeﬃcient and backscatter-
related Ångström exponents on 23 February 2017 at 06:59 UTC.
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(0.31 ± 0.02) depolarization ratios observed in all lidar stations. This
value of the particle depolarization ratio (0.31) is representative of pure
mineral dust (ﬁne and coarse mode) (Mamouri and Ansmann, 2014).
4.3. Situation in Madrid
In Madrid the African dust plume was only detected in the last stage
of the African event (from 22 February on) when the dust intrusion was
at its peak of intensity. Lidar measurements on 20 February (not shown)
at Madrid still did not present any sign of this extraordinary plume.
Three lidar measurement periods were available at this station: on 22
Feb (21:00-23:36 UTC) and 23 Feb (05:00-08:00 and 11:00-11:52 UTC).
They are represented in Fig. 6. As it can be seen the thickness of the
plume ranged from the ground to 5 km asl and in the last lidar
measurement the plume was accompanied by thick clouds. Concerning
the retrieval of vertically-resolved aerosol optical properties, only the
period 05:00–08:00 UTC (23 Feb) was considered for this purpose. Such
proﬁles are represented in the bottom plot of Fig. 6, which concerns the
period 06:59–07:29 UTC. The signal attenuation observed on the ﬁrst
(due to dust) and third (due to dust and clouds) lidar measurement
periods was again very strong, and in most cases the Rayleigh signal
could not be reached with enough signal-to-noise ratio in order to
properly retrieve the aerosol optical properties. This is a problem that
needs to be highlighted in this study as it appeared in several lidar
stations: the dust load was so strong that at the peak of the event it had
the same eﬀect on lidar signals than clouds have in terms of signal at-
tenuation.
Finally, the bottom plot of Fig. 6 presents 3 backscatter coeﬃcient
Fig. 7. (top) RCS at 1064 nm on 23 February 2017 at Barcelona (115m asl); (bottom) Backscatter coeﬃcient, backscatter-related Ångström exponents and volume
and particle depolarization ratios on 23 February 2017 at 11:34 UTC.
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proﬁles at 1064, 532 and 355 nm and their respective backscatter-re-
lated Ångström exponents. No particle extinction coeﬃcients could be
obtained independently as Raman signal were too noisy due to the
aforementioned reasons. Maximum values of particle backscatter
coeﬃcient are reached at 2.2–2.3 km asl. At this altitude β355 is
6.85 ± 0.09, β532 is 6.35 ± 0.13 and β1064 is
5.75 ± 0.01Mm−1 sr−1. Mean backscatter-related Ångström ex-
ponents were found to be 0.52 ± 0.34, 0.28 ± 0.17, 0.37 ± 0.22 at
the wavelength pairs: 532/355, 1064/532 and 1064/355 nm for the
atmospheric layer established from lidar full overlap height to 4.9 km.
These low backscatter-related Ångström exponents are in accordance
with previous lidar observations, which partially indicate a large
aerosol size.
4.4. Situation in Barcelona
According to the meteorological overview, the Barcelona site was
the latest place from the time standpoint that was hit by the extreme
African dust intrusion. As it can be seen in Fig. 7 the African dust plume
was registered throughout almost the entire 23 February. At the be-
ginning of the lidar measurement (from 08:11 to 12:00 UTC), the
maximum altitude of the plume was detected at 5 km asl approximately
and after that it decreased gradually until it reached the value of
3–3.5 km at 23:54 UTC. One period of 30min has been selected at
11:34 UTC to show the retrieval of aerosol optical properties from the
lidar measurement (bottom plot of Fig. 7). The reason to choose this
period lies on the availability of a clear atmosphere to derive Rayleigh
extinction. As indicated by the color code, the RCS was considerably
high for the atmospheric layer between 1 and 3 km before 11:00 UTC.
From 11:00 UTC onward the RCS intensity decreases and the dust layer
structure is a bit diﬀerent than in the morning. It must also be noted
that from 12:00 UTC on the aerosol optical properties retrieval is quite
complex since it is quite diﬃcult to detect a clean atmospheric layer so
as to derive the Rayleigh extinction, which is mandatory to infer the
aforementioned aerosol optical properties. For the period 12:00–16:00
UTC dispersed clouds can be observed at 5–7 km and from 17:00 UTC
(a) (b) 
(c) (d) 
(e) (f) 
Évora Évora 
Granada Granada 
anolecraBanolecraB
Fig. 8. Mean vertical distribution of mineral dust extinction coeﬃcient estimated by NMMB/BSC-Dust in (a) Évora, (c) Granada and (e) Barcelona and by BSC-
DREAM8b in (b) Évora, (d) Granada and (f) Barcelona. The period considered, not always continuous, are 21 Feb. 12UT – 23 Feb. 23UT, 21 Feb. 12UT – 22 Feb. 19UT
and 23 Feb. 08UT – 23 Feb. 21UT for Évora, Granada and Barcelona, respectively. The model shaded areas and the error bars of the lidar represent the standard
deviations. All model forecasts are for a lead time of 24 h.
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onward clouds are registered at the top of the dust plume layer (at
3.5–4 km), which prevents the Rayleigh extinction computation. This
latter observation is also interesting from the point of view of cloud
formation processes. Considering the evolution of the plume
throughout the entire lidar measurement at 4 km, it is plausible that
African dust aerosol might act as cloud condensation nuclei (see how
the RCS at 4 km from 18:00 to 23:54 UTC becomes more intense than
earlier during the day).
The bottom plot of Fig. 7 shows aerosol optical properties obtained
for the period 11:34-12:04 UTC. While the backscatter coeﬃcient va-
lues are comparable to the ones observed in Madrid, the backscatter-
related Ångström exponents seem to be higher in Barcelona. In Barce-
lona below 1.7 km asl the Ångström exponents are below 1 and have a
non-negligible spectral dependence, and above 1.7 km asl they are very
similar and nearly constant at 0.7–0.8. Volume and particle depolar-
ization ratios for the atmospheric layer situated at 1–3 km asl are si-
milar than in the previous period. The mean values are 0.19 ± 0.01
and 0.28 ± 0.02 respectively.
5. Performance of dust models during extreme events
This section aims at examining the performance of dust models to
predict the 3D evolution of mineral dust during such intense intrusions.
The literature available on the evaluation of modeled dust vertical
proﬁles usually inspects the behavior of such models on long time series
or for a single moderate intrusion (Gobbi et al., 2013; Santos et al.,
2013; Mona et al., 2014; Binietoglou et al., 2015; Sicard et al., 2015),
and only rarely for intense intrusions (Huneeus et al., 2016; Ansmann
et al., 2017; Tsekeri et al., 2017).
The results are presented for the three sites of Évora, Granada and
Barcelona. There are too few measured proﬁles in Madrid to allow for a
statistical comparison. The lidar-derived proﬁles of extinction coeﬃ-
cient were retrieved as explained in Section 2.3. As it has been observed
on the plots of the backscatter coeﬃcients (Figs. 4–7) the error asso-
ciated to the backscatter coeﬃcient is rather small, so that the error on
the extinction is driven by the variability of the lidar ratio which ac-
cording to Table 3 is on the order of 25%. As a comparison, Córdoba-
Jabonero et al. (2018) calculated the error on the extinction coeﬃcient
using the same methodology but applied to elastic MPL systems and
found errors associated to the extinction on the order of 15–40%.
Before looking at the vertical distribution we brieﬂy discuss the
models horizontal transport by comparing Fig. S11 which shows BSC-
DREAM8b and NMMB/BSC-Dust forecast of dust optical thickness to
the maps of Meteosat (Fig. 2) on the same dates and times. The ﬁrst
result is that both models predict a similar horizontal distribution of the
dust although BSC-DREAM8b predicts a much less intense event and
seems to depict horizontal structures with less details than NMMB/BSC-
Dust does. When comparing to Meteosat images, the agreement of
NMMB/BSC-Dust is relatively good. On 23 Feb. at 00 and 12UT the
shape and position of the dust cloud with respect to the IP is very well
captured by NMMB/BSC-Dust although it may be displaced a little to-
wards the northwest compared to the satellite observations. Towards
the end of the event both models seem to predict the persistence of dust
oﬀ the coast of Morocco while the observations show that the dust
cloud has moved northeast.
5.1. Forecast skill for a lead time of 24 h
The comparison of the temporal mean proﬁles of extinction coeﬃ-
cient is made for NMMB/BSC-Dust and BSC-DREAM8b in Fig. 8. The
temporal means are averaged over the whole period (see caption of
Fig. 8). For each individual proﬁle the correlation coeﬃcient is plotted
as a function of fractional bias (FB) in Fig. 9 and the temporal evolution
of the latter two parameters is shown in Fig. 10. In the latter ﬁgure the
time evolution of FB and r is also shown for lead times of 48 and 72 h
and discussed in Section 5.2. The mean values of the fractional bias, the
correlation coeﬃcient and the center of mass for both models at each
site are reported in Table 4. Table 4 also contains these mean values for
lead times of 48 and 72 h, which are discussed in Section 5.2.
When looking at the temporal mean proﬁles of extinction coeﬃcient
(Fig. 8), the most striking feature is the general large underestimation
of BSC-DREAM8b at all heights independently of the site. This under-
estimation is smaller in Évora (mean FB=− 57.3 %, Table 4) than in
Granada (mean FB=− 95.0 %) and Barcelona (mean
FB=− 93.8 %), where the underestimation is larger. In Fig. 9 we
observe a horizontal spread of the variability of FB larger in Évora
([−115; +65%]) than in Granada ([−150; −20%]) and Barcelona
([−130; −30%]) probably due to the smaller amount of vertical pro-
ﬁles available at both sites. The same tendency is observed on NMMB/
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Fig. 9. Correlation coeﬃcient vs. fractional bias, both calculated for the ex-
tinction coeﬃcient, calculated for each individual proﬁle in (a) Évora, (b)
Granada and (c) Barcelona. All model forecasts are for a lead time of 24 h. The
mean values are represented by larger dots edged by a black line. The ideal (FB/
r) pair, (0/1), is indicated by a black circle.
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BSC-Dust data. NMMB/BSC-Dust forecasts show a rather good agree-
ment with the observations, especially in Évora and in Barcelona. While
the model tends to underestimate the observations in Évora (especially
below the CoM; the mean FB is −20.5%) and in Granada (especially
near the CoM; the mean FB is −72.6%), it tends to overestimate the
observations in Barcelona (especially above 1 km; the mean FB is
+16.6%). The agreement between NMMB/BSC-Dust and the Évora
lidar is remarkably good (Fig. 13a), taking into account the atmospheric
variability represented by the lidar error bars and the rather long period
considered (60 h). While the NMMB/BSC-Dust proﬁles reach zero at an
approximate height of 5 km in Évora and Granada (similarly to the
observations), the proﬁles in Barcelona start decreasing linearly from
~100Mm−1 at 5 km height to ~50Mm−1 at 7 km (when the ob-
servations indicate an extinction coeﬃcient lower than 50Mm−1 above
4.5 km and reaching zero at 6 km). The increase of the lidar proﬁle at
7 km is due to the presence of a cloud above 7 km (see Fig. 7) taken into
account in the computation of the layer-average lidar extinction coef-
ﬁcient at the model height. Possible explanations of the diﬀerences
observed between NMMB/BSC-Dust and the observation in Barcelona
in the upper part of the proﬁle are given in the next paragraph. Also in
Barcelona the lidar proﬁles show a layer connected to the surface below
1.5 km, which is not reproduced by either of the models. The main
reason is probably the presence of non-dust type particles mixed with
the dust detected in the observations but not taken into account in the
models. It is also worth noting that BSC-DREAM8b reproduces less at-
mospheric variability than NMMB/BSC-Dust (in Fig. 8, the red shaded
areas are smaller than the green ones), whereas the atmospheric
variability denoted by the lidar error bars is large at all sites. This seems
to indicate that BSC-DREAM8b has lower vertical variability in com-
parison to NMMB/BSC-Dust.
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Fig. 10. Correlation coeﬃcient and fractional bias, both calculated for the extinction coeﬃcient, vs. time for forecast lead times of 24, 48 and 72 h for NMMB/BSC-
Dust in (a) Évora, (c) Granada and (e) Barcelona and for BSC-DREAM8b in (b) Évora, (d) Granada and (f) Barcelona. The legend shown in the last plot applies to all
plots.
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The capacity of the models to reproduce the shape of the dust ver-
tical distribution is estimated with the correlation coeﬃcient calculated
between individual modeled and observed proﬁles. NMMB/BSC-Dust
seems to perform better in Barcelona (r values of 0.72) and in Évora
(0.56) than in Granada (0.37). BSC-DREAM8b seems to perform better
in Évora (r values of 0.54) and in Granada (0.49) than in Barcelona
(0.36). The low r value obtained with BSC-DREAM8b in Barcelona
(0.36) is apparently due to a vertical downward transport forecast by
the model and not visible from the observations (the peak of BSC-
DREAM8b proﬁle is approximately 2 km lower than the peak of the
lidar, see Fig. 8f). Huneeus et al. (2016) who compared NMMB/BSC-
Dust and BSC-DREAM8b, among other models, to CALIOP (Cloud
Aerosol Lidar with Orthogonal Polarization) proﬁles during an intense
dust intrusion in April 2011 with an AOD ~ 0.8, found a general un-
derestimation of the dust layer height, that was attributed to an over-
estimation of the dust deposition near the source. Wet scavenging is
another source of uncertainty in dust forecast models. As mentioned in
Section 3.1 this event was associated to a convective cell giving some
precipitation over North Algeria and Southern Iberian Peninsula. These
severe convective events have associated more uncertainty in the pre-
dicted weather ﬁelds (e.g. amount of precipitation) and consequently in
the dust prediction. This is directly linked with the removal of dust from
the atmosphere and to the aerosol lifetime in the upper layers. The fact
that the cloud of points along the r-axis is more spread in Évora (Fig. 9a)
than in Granada or Barcelona (Fig. 9b and c) is probably due to the
longer time series available in Évora covering two and a half days of the
event. Another indicator of the score of the models related to the ver-
tical structure of the dust layer is the center of mass. In Évora both
models retrieve well the center of mass of the dust layers (diﬀerences
between modeled and observed CoM are< 0.21 km, see Table 4). In
Granada, both models reproduce smaller CoM values with discrepancies
vs. the observations of 1.05 km (NMMB/BSC-Dust) and 0.68 km (BSC-
DREAM8b). At this site both models predict a center of mass of the dust
plume closer to the ground than it is in reality. In Barcelona BSC-
DREAM8b predicts well the CoM with a discrepancy of 0.06 km, The
overall performance of BSC-DREAM8b at all three stations are in rela-
tively good agreement with the diﬀerence of 0.3 ± 1.0 km found be-
tween the same model and the EARLINET station of Potenza, Italy, over
a period of 12 years and for dust events with AOD < 0.9 (Mona et al.,
2014). In Barcelona, the mean CoM forecasted by NMMB/BSC-Dust is
3.61 km while the lidar measured a mean value of 2.57 km. This large
diﬀerence is due to the mean NMMB/BSC-Dust proﬁle of extinction in
Barcelona which does not reach zero at ~5 km, unlike at the other sites
(Fig. 8e; see also the former paragraph). This ﬁnding suggests that one
or several processes taken into account in NMMB/BSC-Dust and indu-
cing vertical motion of the dust layers did actually not occur. In our
case the vertical upward transport of the dust layers at high altitudes
forecast in Barcelona but not in the southern sites is probably due to a
too long aerosol lifetime in the upper layers and/or underestimated
deposition processes (Mona et al., 2014). Interestingly this over-
estimation of NMMB/BSC-Dust in the upper layers was also observed by
Binietoglou et al. (2015) who found a slight overestimation of NNMB/
BSC-Dust above 4.5–5 km when comparing the model with LIRIC
(Lidar/Radiometer Inversion Code) proﬁles of mass concentration at
several sites in Europe and by Sicard et al. (2015) who compared the
model with proﬁles from EARLINET stations during a moderate dust
event aﬀecting the western Mediterranean Basin in July 2012.
5.2. Forecast skill temporal evolution and comparison for diﬀerent lead
times
The temporal evolution of the score of the models (in terms of FB
and r) for diﬀerent lead times shown in Fig. 10 allows us to evaluate the
forecast skill of each model as a function of time since the forecast
initialization. The start of the time series is ﬁxed on 21 February 2017,
at 12 UTC, referred in the following as time T0, when the ﬁrst ob-
servations are available (in Évora and Granada). The observations
available allow us to have 20 points of comparison (at a 3-h time step)
Table 4
Main results of the comparison between models and observations. FB and r are both calculated for the extinction coeﬃcient.
Évora (21 Feb. 12UT – 23 Feb. 23UT)
NMMB/BSC-Dust BSC-DREAM8b
Number of proﬁles 20
Lead time (hours) 24 48 72 24 48 72
FB (%) −20.5 −11.1 −35.7 −57.3 −57.0 −47.9
r 0.56 0.57 0.61 0.54 0.55 0.57
Model CoM (km) 2.70 2.82 3.04 2.21 2.26 2.38
Lidar CoM (km) 2.73 2.47
Granada (21 Feb. 12UT – 22 Feb. 19UT)
NMMB/BSC-Dust BSC-DREAM8b
Number of proﬁles 5
Lead time (hours) 24 48 72 24 48 72
FB (%) −72.6 −98.4 −46.9 −95.0 −91.5 −89.0
r 0.37 0.21 0.25 0.49 0.53 0.54
Model CoM (km) 2.26 2.38 2.14 2.70 2.79 2.95
Lidar CoM (km) 3.31 3.38
Barcelona (23 Feb. 08UT – 23 Feb. 21UT)
NMMB/BSC-Dust BSC-DREAM8b
Number of proﬁles 4
Lead time (hours) 24 48 72 24 48 72
FB (%) +16.6 +13.6 −27.0 −93.8 −112.8 −131.4
r 0.72 0.60 0.30 0.36 0.31 0.46
Model CoM (km) 3.61 3.72 4.37 2.51 2.53 2.69
Lidar CoM (km) 2.57 2.59
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from the 21st at 12 UTC until the 23rd at 23 UTC in Évora; 5 points of
comparison on the 22nd between 07 and 19 UTC in Granada; and 4
points of comparison on the 23rd between 08 and 21 UTC in Barcelona.
In all plots we have represented the temporal evolution of FB and r for
lead times of 24, 48 and 72 h. We ﬁrst discuss the forecast skill temporal
evolution for a lead time of 24 h, and then compare it to the evolution at
48 and 72 h.
In Évora during the ﬁrst 20 h (Fig. 10a and b, red lines) both models
have similar and more or less stable correlation coeﬃcients with values
larger than 0.5. The fractional bias is negative and varies in the range
[−100; 0%]. It is larger (in absolute value) for BSC-DREAM8b than for
NNMB/BSC-Dust. At T0+ 20 hours (the 22nd at 08 UTC) the situation
starts to degrade: FB variations are larger from one prognostic to the
next, especially for NNMB/BSC-Dust, and r passes regularly below the
value of 0.5. A few hours before T0+ 40 hours (the 23rd at 04 UTC)
and only for a period of 5–6 h both models overestimate the extinction
coeﬃcient (+50 < FB < +150 %). During the ﬁrst hours of the
23rd the AOD in Évora reached its highest values (~2.5; see Fig. 3). In
that sense, it seems that the peak of the event is well reproduced in time
by the models but its intensity is overestimated. In Granada (Fig. 10c
and d, red lines) the prognostic of NNMB/BSC-Dust is quantitatively
better (smaller values of FB) but qualitatively worst (smaller correlation
coeﬃcients) than for BSC-DREAM8b. Our ﬁndings in Granada are in the
same line as those found by Sicard et al. (2015) for a moderate dust
event aﬀecting the western Mediterranean Basin in July 2012 who also
found that NNMB/BSC-Dust reproduced quantitatively better the pro-
ﬁles while BSC-DREAM8b reproduced better the shape of the proﬁles.
The decrease of FB visible for both models in Granada and starting at
T0+ 20 (the 22nd at 08 UTC) coincides with the increase of AOD from
~0.5 to values above 2.0 (see Fig. 3). While on the peak day in Évora
(the 23rd) both prognostics show an overestimation for a short period
of time, on the peak day in Granada (the 22nd) the general under-
estimation of both prognostics is accentuated, especially for BSC-
DREAM8b. In Barcelona (Fig. 10e and f, red lines) the comparison starts
at T0+ 44 (the 23rd at 08 UTC) at the peak of the event in Barcelona
(AOD > 2.0, see Fig. 3). NNMB/BSC-Dust shows a very good quanti-
tative agreement in the morning and an overestimation in the after-
noon, while BSC-DREAM8b shows an underestimation, which decreases
with time. The shape of the vertical proﬁles is better reproduced by
NNMB/BSC-Dust (r > 0.5) than by BSC-DREAM8b (r < 0.5). In gen-
eral the forecast skills of BSC-DREAM8b in Barcelona are not as good as
those of the southernmost sites. This diﬀerence, also observed by
Huneeus et al. (2016) for dust northward transport, might be explained
by the diﬃculties of the models in simulating horizontal winds and
vertical dust propagation.
If we now look at the forecast skill as a function of lead time, i.e. at
the diﬀerences between the red, blue and green lines in Fig. 10, cor-
responding, respectively, to lead times of 24, 48 and 72 h, the most
striking result is that, at ﬁrst sight, no clear degradation of the prog-
nostics is clearly visible. There is a diﬀerence in the temporal evolution
of the prognostics: the prognostics at 24 and 48 h are usually quite si-
milar and the one at 72 h is the one that diﬀers the most from the
prognostic at 24 h. Nevertheless, the overall mean values in Table 4 do
not show any clear tendency neither in terms of FB, nor r, for Évora and
Granada, the two stations closest to the source. In this sense these re-
sults are in agreement with those of Huneeus et al. (2016) who found
that the forecast skill of both models for AOD was independent of the
forecasting lead time in the domain they deﬁned as southern Europe. In
Barcelona a slight degradation of the model scores occurs with in-
creasing lead times: the fractional bias increases (in absolute value;
BSC-DREAM8b) and the correlation coeﬃcient decreases (NMMB/BSC-
Dust) between the prognostics at 24 and 72 h. This deterioration of the
forecast skills is not observed in Huneeus et al. (2016) and may be due
to the singularity and exceptionality of the event described in our study.
6. Conclusions
An extreme dust intrusion transported from Northern Africa to the
western Mediterranean during 20–23 February 2017 has been reported
and analyzed in the IP. By means of lidar and sun-photometer mea-
surements, we have provided a representative picture of this extreme
event by means of a detailed 4-D characterization of aerosol optical
properties and their evolution during the dust intrusion. Furthermore,
the combined use of active and passive remote sensing instruments
along with dust models has provided useful information to better un-
derstand the complexity of dust long-range transport, its extreme
character and also the capability of dust models to forecast such events.
The synoptic conditions that led to such an extreme event are the
combination of a Moroccan low and the Atlantic anticyclonic system
which were responsible for the tropospheric ﬂow that advected mineral
dust over the IP. According to AERONET sites over the IP, the aerosol
optical depth at 675 nm peaked at values larger than 2.0 with asso-
ciated Ångström Exponents (440–870 nm) close to 0 and single scat-
tering albedos close to 1. On the most intense days of the event (22 and
23 February) the high load of atmospheric mineral dust blocked the sun
and prevented quality-assured AERONET AOD inversions. Towards the
end of the event (23 February) clouds started to form on top of the dust
layer.
EARLINET/ACTRIS lidar measurements conﬁrmed the presence of
atmospheric dust in all stations (EV, GR, MA and BA). In general, the
dust plume was observed between the ground until 4–5 km asl ap-
proximately. Maximum values of backscatter coeﬃcients at 532 nm
were registered in the range 10–15∙Mm−1 sr−1. Like for the AERONET
sun-photometer, during the most intense period of the event the dust
attenuation was such that the lidar signal-to-noise ratio in the mole-
cular region above the dust layer was not high enough to perform re-
liable inversions. Backscatter-related Ångström exponents were mon-
itored very close to 0. Lidar ratios were found in the range 40–55 sr at
355 nm and 34–61 sr at 532 nm during the event at Évora and Granada.
Particle depolarization ratios, registered at those stations where depo-
larizing channels were available (EV, GR and BA), have revealed to be
rather constant in the dust layer. Mean particle depolarization ratios in
the dust layer of 0.19 were observed at the beginning of the event
(20–21 February, Évora) and up to 0.31 at the peak of the event (22
February, Granada; 23 February, Barcelona).
The study also focused on the ability of the dust forecast models to
reproduce the arrival, the vertical distribution and the intensity of the
dust plume over a long-range transport region. The two dust models
considered are the ones currently in development for the NRT evalua-
tion within the SDS-WAS Regional Center: BSC-DREAM8b and NMMB/
BSC-Dust. In general, the models' performances are highly dependent
on the type of event and the region. Therefore, from a single event, we
cannot conclude that one model is better than the other. However, and
in the particular case of the February 2017 dust event, we found a large
underestimation in the forecast of the extinction coeﬃcient provided by
BSC-DREAM8b at all heights independently of the site. In contrast
NMMB/BSC-Dust forecasts presented a better agreement with the ob-
servations, especially in Évora. However NMMB/BSC-Dust reproduced
a higher atmospheric variability than BSC-DREAM8b. Some dis-
crepancies such as the forecast of dust by NMMB/BSC-Dust in layers
well above 5 km are still not completely understood and further re-
search is needed. Finally, with regard to the forecast skill as a function
of lead time, no clear degradation of the prognostic is appreciated at 24,
48 and 72 h for Évora and Granada stations. However the prognostic
does degrade (bias increases and/or correlation decreases) for
Barcelona, which is attributed to the singularity of the event.
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